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synthesis of configurationally
stable [5]helicenes containing 1,2-azaborine units

Catherine Olguin,a Christian Tabacaru,a Lennart Besse,a Martin Simon,a

Christopher Golz,a Marcos Humanes,b Manuel A. Fernández-Rodŕıguez, b

Patricia Garćıa-Garćıa, *b Maike Mücke,c Ricardo A. Mata*c

and Manuel Alcarazo *a

Two different families of BN-doped [5]helicenes have been efficiently synthesized through a highly

enantioselective, intramolecular, Au-catalyzed alkyne hydroarylation reaction. Key for the success of the

method is the use of BINOL-derived cationic phosphonites as ancillary ligands (BINOL: 1,1-bi-2-

naphthol). The inversion barriers of the structures obtained have been determined both experimentally

and theoretically, and are essentially identical to those reported for non-dopped carbo[5]helicenes of

otherwise identical structure. Contrarily, the newly prepared BN-doped helicenes exhibit intensified

absorption spectra at long wavelength (l z 400 nm) and fluorescence when compared with their only-

carbon counterparts. These effects are particularly pronounced for the naphtho[2,1-c]phenanthro[1,2-e]

[1,2]azaborinine series, in which the BN-unit is located at the rim of the helix. Preliminary studies on the

post-synthetic functionalization of these structures are also described; specifically, the naphtho[2,1-c]

phenanthro[1,2-e][1,2]azaborinine structure can be site-selective brominated at position 4. In addition,

the unprecedented deborilation of these helices to afford axially chiral anilines has been observed by

treatment with DDQ.
Introduction

In polycyclic aromatic scaffolds, the formal replacement of two
consecutive carbon atoms by an isoelectronic BN-unit barely
modies the geometric parameters of the original structure
because the atomic radii of the three elements is quite similar,
and the aromatized framework is retained.1–5 Yet, that exchange
generates a perturbation on the electronic distribution that
completely redenes the reactivity and photophysical properties
of the resulting BN-doped materials.6–8 For example, it is well-
documented that electrophilic aromatic substitution more
readily occurs aer formal BN-doping than in their carbon-only
precursors;9,10 moreover, the substitution is highly regio-
selective and takes place at the position(s) adjacent to boron if
these are unsubstituted and sterically accessible.11–13 Hydroge-
nation,14 photoisomerization reactions,15 and [4 + 2] cycloaddi-
tions with dienophiles of diverse nature are reactions that also
get facilitated in 1,2-azaborinine derivatives due to the reduced
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ento de Qúımica Orgánica y Qúımica
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aromaticity of this ring.16,17 An enhanced dipolar moment that
affects solubility and molecular stacking is also expected by BN-
doping; however, the most signicant impact is oen observed
in the photophysical properties of the resulting materials.18 The
asymmetry generated by the formal CC/BN-replacement deeply
modies the shapes and energetic distribution of the original
frontier orbitals in a magnitude that depends upon the number
of BN-units introduced,19,20 and their specic location within
the polyaromatic scaffold.21 It is for this reason that BN-doping
has emerged as an appealing strategy to optimize the lumi-
nescent properties of polycyclic aromatic hydrocarbon mate-
rials.22,23 In fact, BN-doped arenes oen depict higher
photoluminescence quantum yields (4PL) than their all-carbon
counterparts, making them superior components in electronic
devices such as organic light emitting diodes (OLEDs),24 organic
eld-effect transistors (OFETs)25 or solar cells.26 Their use for
selective uoride anion detection has been reported as well.27

In addition, helical shape structures have been recognized as
promising circularly polarized luminescence (CPL) dyes28,29 with
potential application in diverse areas such as bioimaging,30

chiral switches,31–33 and data storage34 among others;35 however,
unmodied carbohelicenes are typically characterized by low
performance in terms of 4PL and luminescence dissymmetry
factors (glum).36,37 It is for that reason that the installment of BN-
moieties in helicenes has not gone unnoticed as a tool to ne
tune their chiroptical properties without altering their shape.38
Chem. Sci.
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Fig. 1A and B shows a selection of conformationally stable
helicenes containing one,39–43 two,42,44,45 or more 1,2-azaborinine
rings;46 while Fig. 1C depicts non-completely aromatic helical
scaffolds in which the BN-doping unit is a 1,2-azaborole,47–53

and Fig. 1D shows a 1,4-diazaborinine containing helicene.
Looking at the structures shown in Fig. 1, it is surprising that

with no exception they all were obtained through racemic
syntheses that invariably require a nal chromatographic
Fig. 1 Selected structures of configurationally stable BN-doped helicene
with more than one 1,2-azaborine embedded; (C) 1,2-azaborole conta
overview of this work.

Chem. Sci.
separation of the enantiomeric constituents using a chiral
stationary phase. In an attempt to address this synthetic limi-
tation, we speculated that the enantioselective p-extension of
1,2-azaborine containing polyarenes through an intramolecular
alkyne hydroarylation reaction might be the appropriate entry
to enantioenriched BN-doped helicenes of different sizes and
substitution patterns.54,55 In addition, our previous experience
in the topic made us believe that Au(I)-catalysts bearing chiral a-
s. (A) Structures containing only one 1,2-azaborine; (B) helical scaffold
ining helicenes; (D) helicenes doped with an 1,4-azaborine unit; (E)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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cationic ancillary ligands56 are predestined to successfully ach-
ieve that transformation.57–61 Herein, we describe the material-
ization of that idea with the highly enantioselective syntheses of
two different families of boraaza[5]helicenes sharing a common
naphtho[2,1-c]chrysene scaffold (Fig. 1E). In compounds of
general structure 1 the BN-unit is incorporated at the rim of the
skeleton (7-,8-positions), while in 2 it is placed internally, in the
bridging 8a, 14b-positions. The racemization barriers of both
heterohelicenes are investigated through theoretical and
experimental methods, and their photochemical characteriza-
tion reported (UV-vis absorption, 4PL and glum spectra). As
Scheme 1 Reaction conditions and catalyst optimization. (A) Synthesis
optimization tables. Conversions and regioisomeric ratios were determin

© 2026 The Author(s). Published by the Royal Society of Chemistry
expected, the introduction of the polar BN-moiety within the
hydrocarbon framework drastically improved the 4PL in both
cases when compared with the parent naphtho[2,1-c]chrysene
(4PL = 2%), albeit more signicantly in 1-type structures
(4PL(1b) = 20%).
Results and discussion
Synthesis of precursors, catalyst optimization and scope

We initiated our studies with the synthesis of appropriate
substrates for the planned enantioselective hydroarylation.
of substrates 5 and 7; (B) catalysts used for the screening; (C and D)
ed by 1H NMR of crude samples; ee values determined by chiral HPLC.
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Thus, alkynes 5a–j were prepared from reported bromide 3
through an initial oxidation to obtain the fully aromatized
benzo[e]naphtho[2,1-c][1,2]azaborine 4,62 followed by the
installation of the necessary alkynemoiety viaNegishi coupling.
Substrates of general formula 7 were prepared following
a similar route but starting from the already aromatic precursor
6 (Scheme 1A).63 The experimental details regarding the
syntheses and the spectroscopic characterization of all new
substrates are described in the SI.

Compound 5b was used as model and initially submitted to
the effect of the ve Au-catalysts that, considering our previous
experience, were the most promising for the key cyclization
(Scheme 1B).57–61 Unfortunately, catalysts 8a and 8b, both
sharing an acyclic version of TADDOL (tetraaryl-2,2-
disubstituted-1,3-dioxolane-4,5-dimethanol), and decorated
with p-(CF3)phenyl substituents, performed badly; they
provided the undesired planar regioisomer 10b as the main
product of the hydroarylation reaction (Scheme 1C, entries 1–2).

On the other hand, catalysts 9a–c derived from the BINOL
(1,10-bi-2-naphthol) platform demonstrated to be suitable for
this reaction. They three delivered helicene 1b with excellent
enantioselectivity (Scheme 1C, entries 3–5), and importantly, 9a
was even able to override the natural tendency of the substrate
to direct the intramolecular hydroarylation to 10b. Specically,
the use of 9a raised the regioselectivity to a remarkable 85 : 15
ratio for the azabora[5]helicene 1b while providing excellent
optical purity as well (97% ee). Catalyst 9a also promoted the
cyclisation of 7b into the corresponding azabora[5]helicene 2b
with excellent optical purity (99% ee; Scheme 1D, entry 1); yet,
the main product was the BN-doped dibenzo[a,m]tetraphene
11b. The use of catalysts 9b–c did not improve the regio-
selectivity of this hydroarylation step, which is highly substrate
dependent.

Having identied catalyst 9a as the most suitable, the scope
of the cyclisation was evaluated using alkynes 5a–j, which
contain substituents of diverse electron nature at their aromatic
termini. We were pleased to observe that all reactions pro-
ceeded until complete conversion of the substrates; very high
levels of enantioinduction were imparted in all cases as well
(90–99% ee). The regioselectivity of the cyclisation ranged from
mediocre (1i; 65 : 35) to excellent (1f; 94 : 6), but despite that
inconvenience, the helicene products were always the major
component of the reaction mixtures and were gained in
analytically pure form and good yields through preparative
HPLC separation. It was also observed that the mesityl
substituent at boron does not play a prominent role in this
transformation; its formal exchange by a phenyl group neither
alters the remarkable level of enantioselectivity, nor the regio-
selectivity in which 1b(BPh) is obtained. Nonetheless, the N-
atom from substrates 5 must be kept unsubstituted; just
methylation at that position inverts the regioselectivity of the
cyclisation making planar S10b(NMe) the main product of the
reaction. Even in that unfavourable case the azabora [5]helicene
1b(NMe) could be isolated in 38% yield with excellent optical
purity (97% ee). The isolation and characterization of all side
products of general formula 10 can be found in the SI. Crystals
suitable for X-ray diffraction analysis of enantiopure 1b, 1d, 1e,
Chem. Sci.
1f, 1g and 1h were obtained; from these measurements the
absolute conguration of the six helicenes was assigned as P
(Fig. 2A and S39–S44). By extension, we assumed the congu-
ration of the whole 1a–j series to be the same.

Subsequently, the extension of the synthetic protocol to the
internally BN-doped helicenes 2 was attempted. By submitting
alkynes 7 to the reaction conditions already optimized the ex-
pected 6-endo-dig cyclisation took place in all cases, but the
regioselectivity of the process was strongly substrate dependent.
Electron donating substituents at the hanging alkyne facilitate
the transformation in terms of conversion, but they preferentially
direct the cyclisation to the undesired 3-position of the benzo[e]
benzo[5,6][1,2]azaborino[1,2-a][1,2]azaborine core. Thus, for
substrates 7b and 7c the main products isolated are 11b and
S11c, respectively. Helicenes 2b and 2c are still obtained from
these reactions with high ee's but diminished yield. In contrast,
electron withdrawing groups at the hanging alkyne preferentially
guide the hydroarylation towards the formation of the helicenes
2e and 2h. Hence, azabora[5]helicenes 2b, 2c, 2e and 2h were
isolated with high optical purity (84–99% ee) (See Fig. 2B). No X-
ray quality crystals of these compounds were obtained, but
comparison of the shape and sign of their electronic circular
dichroism spectra with those of the 1 series allows us to con-
dently assign their absolute conguration also as P.

We also evaluated the possibility of functionalizing the
helicenes just prepared. Thus, treatment of 1b with N-bromo-
succinimide (NBS) cleanly afforded 12b, in which the electro-
philic bromination occurred exclusively at the 4-position of the
naphtho[2,1-c]phenanthro[1,2-e][1,2]azaborine skeleton (For
the X-ray structure of 12b see Fig. 2C and S53). This exquisite
regioselectivity is remarkable considering that apart of the BN-
doping no directing groups were employed.

More unexpected was the clean DDQ-promoted oxidative
deborylation of 1b with concomitant C–C coupling of the two
aryl moieties originally at boron to deliver aniline 13b (For the
X-ray structure of 13b see Fig. 2C and S55). The formation of
13b, which occurs with complete helical to axial chirality
transfer, suggests that the oxidation-induced deborylation/C–C
coupling manifold known to be operative in the ring contrac-
tion of chlorodibenzoborepines into phenanthrenes64 might be
more general than anticipated, and also functional for struc-
turally related dibenzo[c,e][1,2]azaborines.
Racemization dynamics

The racemization dynamics of the newly prepared azabora[5]
helicenes were experimentally determined by heating enantio-
pure samples of model substrates 1b and 2b in 1,2,4-tri-
chlorobenzene. The racemization rate constants were measured
between 190 and 210 °C, and the activation-free energies (DG‡)
for the inversion were calculated through an Eyring plot (Fig. 3).
As expected from the minimal geometric distortion introduced
by BN-doping, the racemization of both compounds, 1b (DG‡ =

38.3 kcal mol−1 at 200 °C) and 2b (DG‡ = 38.9 kcal mol−1 at 200
°C) is very similar to that of the parent carbo[5]helicene 14 (DG‡

= 37.6 kcal mol−1 at 200 °C).57 We also conclude that the
location of the BN-unit, either in the rim or internally, has very
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Substrate scope and limitations. (A) Scope of the naphtho[2,1-c]phenanthro[1,2-e][1,2]azaborine series; (B) scope of the benzo[5,6][1,2]
azaborino[1,2-a]phenanthro[2,1-e][1,2]azaborine series; (C) post-synthetic modifications. All yields are of the isolated helical products after
complete consumption of the starting materials. Regioisomeric ratios determined by 1H NMR of the crude reaction mixtures are shown in
parenthesis; the first value corresponds to the helical component. ee values determined by chiral HPLC. Hydrogen atoms and solvent molecules
have been omitted from the X-ray structures for clarity. aReactions carried out at 0 °C.
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minor effect on the enantiomerization barriers because the
wedge angles (4) of benzene and [1,2]-azaborine are basically
identical, and B–N bond cleavage is not involved in the
process.65 The calculated free energies of racemization at the
B3LYP-D3/def2-TZVP level closely match the experimentally
determined values (Fig. 3C and D);66–69 the geometric data of the
corresponding transition states are collected in the SI. All
© 2026 The Author(s). Published by the Royal Society of Chemistry
structure optimisations were carried out with the Gaussian 16
(Rev. A.03) program package.70
Photophysical and chiroptical characterization

The UV-vis absorption and uorescence spectra, as well as
uorescence life times of 1b, 2b were recorded in CH2Cl2 and
Chem. Sci.
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Fig. 3 Racemization dynamics. (A–D) Experimental activation free
energies of racemization of 1b and 2b at 200 °C and calculated values
(in parentheses) at the B3LYP-D3(BJ)/def2-TZVP/CPCM(DCM) level of
theory.
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compared with those of their parent hydrocarbon 14; they are
shown in Fig. 4 (also see Fig. S1–S5). The three model
compounds show comparable absorption maxima (labs =
Chem. Sci.
288 nm, 1b; 279 nm, 2b; 298 nm, 14) with similar molar
extinction coefficients (log 3 = 4.66, 1b; 4.31, 2b; 4.46, 14), but
helicenes 1b and 2b are characterized by a signicant intensi-
cation of the least energetic band (1b, labs = 398 nm, log 3 =

3.94; 2b, labs = 401 nm, log 3 = 3.00), an effect related with BN-
doping.

In the uorescence spectrum of 1b, only one band centered
at lF = 432 nm is observed, while in that of 2b, at least two
vibronic bands (lF = 410, 431 nm) are recognized. In terms of
uorescence quantum yields, the BN-doped helicenes were
substantially brighter (4PL = 0.20, 1b; 0.10, 2b) than the barely
emissive parent carbohelicene (4PL = 0.02, 14). The uores-
cence lifetime are very similar for both BN-doped structures (sF
= 2.6 ns, 1b; 2.8 ns, 2b) and shorter than that of 14 (sF = 8.5 ns).
The small Stokes shis, and the observable vibrational struc-
tures of the emission spectra are indicative of high rigid
structures.

The electronic circular dichroism (ECD) spectra of 1b, 2b and
14 were recorded (Fig. 4c; for the complete study see Fig. S10–
30). Enantiomer P-1b exhibits an intense negative CD band at
258 nm (D3=−74.6 M−1 cm−1) and positive cotton effects in the
region from 271 to ca. 377 nm (D3 = 78.3 M−1 cm−1 at 281 nm;
D3 = 35.1 M−1 cm−1 at 306 nm, and D3 = 41.1 M−1 cm−1 at 322
nm). Similarly, P-2b depicts an intense negative CD band in the
high energy region centred at 247 nm (D3 = −85.6 M−1 cm−1)
and positive cotton effects in the region from 259 to ca. 380 nm
(D3 = 58.0 M−1 cm−1 at 274 nm; D3= 33.7 M−1 cm−1 at 326 nm,
and D3 = 22.4 M−1 cm−1 at 364 nm). CPL spectra for 1b and 2b
were recorded (Fig. 4D and S31–34). Both compounds depict
comparable luminescence dissymmetry factors (jglumj = 1–2 ×

10−3), which are in the same range as these of [5]helicenes.
To obtain deeper understanding of the impact of BN-doping

in these helicenes, we compared the measured UV/vis absorp-
tion spectra of the model compounds with simulated results. In
line with a previous study carried out by some of us,71 we
employed simplied time-dependent density functional theory
(sTD-DFT) as a fast method to calculate a large portion of the
spectra.72 The basis set employed was def2-TZVP, with all sTD-
DFT calculations carried out with the Orca program package
(version 6.0.1).73 A uniform shi of −0.4 eV was applied to the
transition energies in order to better align the theoretical and
experimental spectra. In our calculations, we found necessary to
make use of a long-range corrected functional, as some of the
bands exhibited a signicant charge-transfer character. The
study was focused on the rst absorption bands of 1b, 2b and 14
around 400 nm (Fig. 5).

The TD-DFT calculations for 1b and 2b revealed the lowest
energy transitions to be dominated in both cases by the HOMO–
LUMO transition, with weights of 84% and 72% respectively. In
the case of 14, CAM-B3LYP/def2-TZVP registers this transition
as the second absorption band, with the rst transition exhib-
iting a very low oscillator strength. In analogy to previous
reports with carbo[5]helicenes, the S0 / S1 transition can be
primarily described as a combination of two major contribu-
tions: HOMO / LUMO +1 and HOMO −1/ LUMO with a low
calculated oscillator strength (0.002) if compared to those of 1b
(0.325) and 2b (0.030). The isodensity surfaces for the frontier
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Photophysical and chiroptical properties of selected azabora[5]helicenes. (A) UV/vis (continuous line) and fluorescence spectra (faded
line) of selected compounds in CH2Cl2 (1–2 × 10−5 M) at r.t.; (B) fluorescence decay profiles; (C) CD spectra in CH2Cl2 (8 × 10−5 M) at r.t. (D)
summary table of optical properties. aCompounds 1b and 14 were excited at l = 350 nm.; 2b excited at 370 nm. bCompound 1b excited at l =
350 nm.; 2b excited at 300 nm.; 14 excited at 295 nm.; sF: fluorescence exited state lifetime; kr: radiative rate constant; knr: non-radiative rate
constant.

Fig. 5 Plots of the frontier molecular orbitals with the transition
oscillator strength f for themajor compositions of S0/ S1 and the TD-
DFT simulated spectra.
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orbitals of all three compounds is provided in Fig. 5. It is
noticeable that 2b and 14 show a similar picture, with the
transition largely delocalised across the aromatic rings. The
© 2026 The Author(s). Published by the Royal Society of Chemistry
main difference is found in 1b, which depicts the most intense
band. This comes about through a charge transfer from the
non-fused aromatic ring to the BN-containing helicene scaffold.
In the case of 2b such an effect is not observed because a charge
accumulation in a structure containing the BN bond at a junc-
tion between two rings is more penalising to the aromaticity of
the helical moiety.
Conclusions

In summary, we have prepared two families of BN-doped [5]
helicenes through a synthetic route that uses a highly enantio-
selective Au-catalysed hydroarylation as key step. Comparison
of the racemization dynamics and photophysical properties of
these structures with those of their all-carbon analogue allows
an accurate evaluation of the impact of BN-doping. The inu-
ence on the inversion barriers is negligible, and also seem to be
rather small on labs at long wavelength (Dl z 10–15 nm);
however, both the intensities of the absorptions and the 4F

values were signicantly enhanced for BN-doped helicenes;
particularly, in the case of 1b. TD-DFT calculations attribute this
observation to a charge transfer from a non-fused aromatic ring
to the BN-containing helicene scaffold, which is specially fav-
oured for 1b.
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17 Y. Garćıa-Rodeja and I. Fernández, J. Org. Chem., 2016, 81,
6554–6562.

18 Z. Liu and T. B. Marder, Angew. Chem., Int. Ed., 2008, 47, 242–
244.

19 X. Chen, D. Tan and D.-T. Yang, J. Mater. Chem. C, 2022, 10,
13499–13532.

20 X.-Y. Wang, J.-Y. Wang and J. Pei, Chem.–Eur. J., 2015, 21,
3528–3539.

21 T. Kaehler, M. Bolte, H.-W. Lerner and M. Wagner, Angew.
Chem., Int. Ed., 2019, 58, 11379–11384.

22 M. R. Rapp, W. Leis, F. Zinna, L. Di Bari, T. Arnold,
B. Speiser, M. Seitz and H. F. Bettinger, Chem.–Eur. J.,
2022, 28, e202104161.

23 J. Ruhl, N. Oberhof, A. Dreuw and H. A. Wegner, Angew.
Chem., Int. Ed., 2023, 62, e202300785.

24 X. Wang, F. Zhang, J. Liu, R. Tang, Y. Fu, D. Wu, Q. Xu,
X. Zhuang, G. He and X. Feng, Org. Lett., 2013, 15, 5714–
5717.

25 X.-Y. Wang, H.-R. Lin, T. Lei, D.-C. Yang, F.-D. Zhuang,
J.-Y. Wang, S.-C. Yuan and J. Pei, Angew. Chem., Int. Ed.,
2013, 52, 3117–3120.

26 X. Liu, S. Pang, L. Zeng, W. Deng, M. Yang, X. Yuan, J. Li,
C. Duan, F. Huang and Y. Cao, Chem. Commun., 2022, 58,
8686–8689.

27 J. Zhang, F. Liu, Z. Sun, C. Li, Q. Zhang, C. Zhang, Z. Liu and
X. Liu, Chem. Commun., 2018, 54, 8178–8181.

28 L. Arrico, L. Di Bari and F. Zinna, Chem.–Eur. J., 2021, 27,
2920–2934.

29 W.-L. Zhao, M. Li, H.-Y. Lu and C.-F. Chen, Chem. Commun.,
2019, 55, 13793–13803.

30 P. Stachelek, L. MacKenzie, D. Parker and R. Pal, Nat.
Commun., 2022, 13, 553.

31 N. Saleh, B. Moore II, M. Srebro, N. Vanthuyne, L. Toupet,
J. A. G. Williams, C. Roussel, K. K. Deol, G. Muller,
J. Autschbach and J. Crassous, Chem.–Eur. J., 2015, 21,
1673–1681.

32 H. Isla, M. Srebro-Hooper, M. Jean, N. Vanthuyne,
T. Roisnel, J. L. Lunkley, G. Muller, J. A. G. Williams,
J. Autschbach and J. Crassous, Chem. Commun., 2016, 52,
5932–5935.

33 E. Yen-Pon, F. Buttard, L. Frédéric, P. Thuéry, F. Taran,
G. Pieters, P. A. Champagne and D. Audisio, JACS Au, 2021,
1, 807–818.

34 N. P. M. Huck, W. F. Jager, B. de Lange and B. L. Feringa,
Science, 1996, 273, 1686–1688.
© 2026 The Author(s). Published by the Royal Society of Chemistry

https://doi.org/10.1039/d6sc02344d
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6sc02344d


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 5

/1
5/

20
26

 8
:4

4:
51

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
35 Y. Zhang, S. Yu, B. Han, Y. Zhou, X. Zhang, X. Gao and
Z. Tang, Matter, 2022, 5, 837–875.

36 M. Sapir and E. Vander Donckt, Chem. Phys. Lett., 1975, 36,
108–110.

37 N. I. Nijegorodov and W. S. Downey, J. Phys. Chem., 1994, 98,
5639–5643.

38 A. Nowak-Król, P. T. Geppert and K. R. Naveen, Chem. Sci.,
2024, 15, 7408–7440.

39 T. Hatakeyama, S. Hashimoto, T. Oba and M. Nakamura, J.
Am. Chem. Soc., 2012, 134, 19600–19603.

40 Z. Sun, C. Yi, Q. Liang, C. Bingi, W. Zhu, P. Qiang, D. Wu and
F. Zhang, Org. Lett., 2020, 22, 209–213.

41 K. Yuan, D. Volland, S. Kirschner, M. Uzelac, G. S. Nichol,
A. Nowak-Król and M. J. Ingleson, Chem. Sci., 2022, 13,
1136–1145.

42 M. Wang, M.-Y. Zhang and C.-H. Zhao, Org. Lett., 2025, 27,
1823–1828.

43 C. Maeda, S. Michishita, I. Yasutomo and T. Ema, Angew.
Chem., Int. Ed., 2025, 64, e202418546.

44 D. Tan, J. Dong, T. Ma, Q. Feng, S. Wang and D.-T. Yang,
Angew. Chem., Int. Ed., 2023, 62, e202304711.

45 Y. Appiarius, S. Mı́guez-Lago, P. Puylaert, N. Wolf, S. Kumar,
M. Molkenthin, D. Miguel, T. Neudecker, M. Juŕıček,
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and P. Garćıa-Garćıa, Org. Lett., 2022, 24, 5860–5865.
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